The 16 K subunit of the vacuolar H + -ATPase (ductin) has been suggested to also play a role in gap junction channels. Since mutated 16 K subunits have transforming ability when transfected into NIH3T3 cells and since aberrant gap junctional intercellular communication (GJIC) is a hallmark of cancer cells, we hypothesized that mutated 16 K subunits might transform these cells via alteration of GJIC. When GJIC was measured by the dye-transfer assay, NIH3T3 cells transfected with the mutant 16 K protein genes (deletion of the fourth transmembrane domain or a point mutation at codon 143 from glutamic acid to arginine) showed signi®cantly lower levels of GJIC than those transfected with the vector alone or with the wild-type 16 K subunit gene. GJIC levels of NIH3T3 cells transformed by v-ras and v-src were not signi®cantly decreased, suggesting that low GJIC levels are not necessarily the result of cell transformation per se. NIH3T3 cells express C643 as a major connexin gene. Although cells transfected with mutated 16 K subunits showed a level of C643 protein expression similar to non-transfectants, their C643 protein was localized aberrantly, i.e. intracytoplasmically. These results indicate that mutant 16 K subunits with transforming ability translocate C643 proteins, thus inhibiting GJIC of NIH3T3 cells.
Introduction
The major role of gap junctional intercellular communication (GJIC) is considered to be the maintenance of homeostasis in multicellular organisms. Gap junctions directly mediate the transfer of factors of molecular weight less than 1000 between adjacent cells (Bruzzone et al., 1996; Goodenough et al., 1996) . It is believed that, through GJIC, levels of second messengers which are important for growth control are maintained among cells in a given tissue (Finbow and Pitts, 1993; Loewenstein, 1979) . Aberrant growth control vis-aÁ-vis surrounding normal cells is an essential feature of cancer cells. Therefore, it has long been proposed that altered GJIC plays an essential role in carcinogenesis (Loewenstein, 1979; Trosko and Chang, 1983; Yamasaki, 1990) .
It is generally believed that connexins are the major functional component of gap junctions (Beyer, 1993) . So far, at least 13 dierent mammalian connexin genes have been cloned (Kumar and Gilula, 1996) . However, Finbow et al. (1995) have consistently reported that the 16 K protein ductin (hereafter called`16 K') is the major component of gap junctions. While many lines of evidence, notably the recovery of GJIC after transfection of connexin genes into GJIC-de®cient cells, indicate that connexins are an essential component of gap junctions, it remains impossible to exclude a role of the 16 K protein in GJIC. Evidence supporting such a role includes the fact that the 16 K protein apparently constitutes the major protein component of gap junction channels of arthropods, which do not appear to contain connexin homologs (Finbow et al., 1983; 1984) .
The 16 K protein is a subunit of the vacuolar H + -ATPase , a large enzyme complex, present in several intracellular membrane components (such as endosomes, lysosomes and the Golgi apparatus), that mediates the unidirectional¯ux of protons from the cytoplasmic to luminal sides of these organelles (Forgac, 1989; Nelson, 1992) . This proton ux causes limited acidi®cation which is critical for cell viability (Forgac, 1989; Nelson, 1992) , as well as for proper distribution and function of cellular proteins in these compartments (Moriyama et al., 1986; Harikumar and Reeves, 1983) . The vacuolar ATPase is composed of a hydrophobic membrane sector and a hydrophilic catalytic sector. The 16 K subunit is an essential component of the membrane sector, which consists predominantly of four transmembrane domains and is responsible for conducting protons across membranes (Kaestner et al, 1988; Sun et al., 1987) . This structure is similar to that of connexins which also consist of four transmembrane domains (Bruzzone et al., 1996; Yeager and Nicholson, 1996) .
The 16 K proteins may also be involved in cell growth control. Several investigators (Andresson et al., 1995; Goldstein et al., 1991 Goldstein et al., , 1992a have reported that bovine papilloma-virus (BPV) E5 oncoproteins speci®cally bind to the 16 K protein and such an interaction was proposed as a mechanism of BPVmediated cell transformation. When the 16 K protein gene was mutated in the fourth transmembrane domain, the binding site of the E5 protein, the mutants acquired transforming ability in NIH3T3 cells (Andresson et al., 1995) . Interestingly, the E5 proteins themselves have been reported to downregulate GJIC between human keratinocytes (Oelze et , 1995) . Many tumor-promoting agents and oncogenes are capable of inhibiting homologous and/or heterologous GJIC (Yamasaki, 1996) . Therefore, we have examined whether mutant 16 K proteins which have transforming ability also inhibit GJIC in NIH3T3 cells. We also investigated the possible relationships between 16 K and C643, the major connexin gene expressed in these cells. Our results provide evidence that the 16 K protein is indeed involved in regulation of GJIC.
Results

Gap junctional intercellular communication in NIH3T3 cells transfected with mutated 16 K and oncogenes
In order to test whether the mutated 16 K proteins aect GJIC, we measured the level of GJIC by the microinjection-dye-transfer assay in NIH3T3 cells transfected with wild-type or mutated 16 K genes. The NIH cell lines used in this experiment and their transfected genes, as well as their anchorage-independent growth capacity, are summarized in Table 1 .
When compared with the control clone (ContVect, transfected with only empty vector), the number of dye-coupled cells in the clones transfected with the mutated 16 K genes (DTM4 and Arg143Glu) was clearly decreased. The dye transfer in the clone WT which was transfected with wild-type 16 K was similar to that of the control clone ContVec (Figure 1) .
The GJIC of NIH3T3 cells transformed by various v-onc genes was also determined (Figure 1 ). As summarized in Figure 2 , those transformed by v-ras and v-src maintained a high level of GJIC. On the other hand, those transformed by v-myc showed a signi®cantly decreased level of GJIC. These results suggest that transformed NIH3T3 cells do not necessarily show lower levels of GJIC, which in turn, provides evidence that lower GJIC observed in NIH3T3 cells transfected with mutant 16 K proteins may not be a consequence of cell transformation. The results also con®rm our previous ®ndings that v-src induced NIH3T3 cell transformation is not associated with reduced GJIC ability (Bignami et al., 1988) , which is at variance with other reports (Azarnia and Loewenstein, 1984; Chang et al., 1985) . In order to examine whether GJIC modulation of NIH3T3 cells by mutated 16 K proteins was associated with changes in C643 expression, mRNA and protein levels of C643 were determined by RT ± PCR and Western blot analysis respectively. RT ± PCR revealed that clones transfected with deletion (DTM4) or point (Arg143Glu) mutations of the 16 K protein expressed similar levels of C643 mRNA to those transfected with the wild-type 16 K protein gene (results not shown).
Western analysis showed that none of the NIH3T3 cells examined here contained detectable levels of phosphorylated C643 (Figure 3 ). Absence of phosphorylated C643 in our v-src-transformed cells may be related to our ®ndings that GJIC is not downregulated in these cells, unlike other v-src-transformed cells in which phosphorylated C643 and reduced GJIC levels were observed (Loo et al., 1995) . In comparison, a rat liver cell line IAR20 expressed two forms (P1 and P2) of phosphorylated C643 ( Figure  3 ), con®rming our previous results . Although C643 levels were slightly higher in the NIH3T3 clones transfected with ContVec and Arg143Glu 16 K protein genes than in those with wild-type and DTM4 genes, there was no correlation with GJIC level (see Figures 1 and 2 ). These results suggest that the decreased GJIC observed in NIH3T3 cells transfected with mutant 16 K proteins was not due to lower expression of C643 at the mRNA or protein levels (Figure 3 ). On the other hand, the rasand src-transformed cells had higher levels of C643 than other transformed cells (Figure 3 ). There is a good correlation between GJIC ability (Figures 1 and  2 ) and the level of C643 among v-onc-transformed cells.
Aberrant localization of C643 in NIH3T3 cells transfected with mutant 16 K proteins
Aberrant localization of connexins is often observed in tumor cells or in cells exposed to tumor-promoting agents (Krutovskikh et al., 1994 Mesnil et al., 1994) . In order to see whether C643 localization was changed in 16 K protein-transfected cells, they were immunostained with a C643 antibody. In WT and ContVect, most C643 staining was seen at cell-cell contact areas, as expected (Figure 4a,b) . In clones with mutated 16 K protein (DTM4 and Arg143Glu), however, there was abundant staining of C643 inside the cells rather than at cell-cell contact areas ( Figure  4c,d ). This aberrant localization of C643 was con®rmed by electron microscopy, which revealed gap-junction like structures in the cytoplasm of the clones with mutated 16 K protein (results not shown).
Since the aberrant localization of C643 appeared to correlate not only with the levels of GJIC, but also with transformed phenotypes induced by mutant 16 K proteins, we examined whether v-onc-transformed cells showed similar aberrant C643 localization. As shown in Figure 5 , v-ras-and v-src-transformed NIH3T3 cells showed signi®cant staining of C643 at cell-cell contact areas, but perinuclear staining was also evident (Figure 5a, b) . In v-myc cells, which had very low GJIC, C643 was localized mostly near the nucleus and cytoplasm (Figure 5c ). It thus appears that aberrant localization of C643 is related to GJIC inhibition itself, but is not a required phenomenon of transformed cells.
Discussion
In this study, we have shown that NIH3T3 cell transformation by mutant 16 K proteins is associated with reduction of GJIC. On the other hand, GJIC of NIH3T3 cells transformed by v-ras or v-src was not reduced, although in previous work, we have demonstrated that these v-onc-transformed cells lack heterologous GJIC with their normal counterparts (Bignami et al., 1988) . Thus, taken together, our results suggest that the lower homologous GJIC in NIH3T3 cells transformed by mutated 16 K proteins is not the result of cell transformation, but is more speci®cally related to the 16 K. Finbow and his colleagues have suggested, on the basis of data on sequencing, expression and genetic analysis, that the 16 K protein encoded as a single gene product is a component of both gap (Dunlop et al., 1995) . They also demonstrated that the 16 K protein colocalizes with arthropod gap junctions by immunoelectronmicroscopic analysis (Leitch and Finbow, 1990) .
Recently, Faccini et al. (1996) observed that the BPV type 4 E8 protein binds to the 16 K protein. Since BPV-4 E8 has homology with BPV-1 E5 and since BPV-1 E5 also binds to the 16 K protein (Goldstein et al., 1991) , it is possible that the 16 K protein is a common cellular target for this family of virally-encoded polypeptides (Faccini et al., 1996) . Moreover, these two BPVencoded polypeptides have been shown to inhibit GJIC (Oelze et al., 1995; Faccini et al., 1996) . Taken together with our present data, these results support the idea that the 16 K protein is involved in GJIC regulation, but do not provide evidence for or against the hypothesis that the 16 K protein is a functional component of the gap junctional channel.
While the involvement of 16 K proteins in GJIC is possible, it is obvious that connexin expression and localization at cell-cell contacts are also necessary for GJIC. Non-communicating cells become GJIC-proficient after direct transfection of connexin genes Elfgang et al., 1995) . On the other hand, it is clear that connexin expression alone is not enough for the formation of functional gap junctions. For example, we have shown that a mouse epidermal cell line expressed C643 which was dispersed in the cytoplasm and had only weak GJIC unless transfected with E-cadherin (Jongen et al., 1991) . Similarly, in the present study, we have demonstrated that cells transfected with wild-type 16 K proteins display GJIC and their C643 is localized at cell-cell contact areas, while cells with mutated 16 K proteins show aberrant localization of C643 and reduced GJIIC. These results are thus consistent with the idea that connexins form gap junction channels and that 16 K proteins can modulate GJIC, although it is not possible to determine whether 16 K proteins are necessary for normal function of connexins.
The possible dual role of the 16 K protein, i.e., as a component both of plasma membrane gap junctions and of cytoplasmic H + -V-ATPase, proposed by Finbow et al. (1995) , is intriguing. Several lines of evidence suggest that connexins may also have GJICindependent actions. For example, when HeLa cells were transfected with dierent connexin genes, all of them restored GJIC, but only C626 controlled the growth of HeLa cells . When tumor growth was suppressed by connexin gene transfection into tumorigenic cell lines such as HeLa, their in vitro growth control was often associated with inhibition of anchorage-independent growth . Since anchorage-independent growth is probably regulated by intrinsic capabilities of individual cells rather than by cell-cell interaction, it is likely that connexins control the growth of tumorigenic cells in soft agar by a process independent from their ability to mediate GJIC. Similarly, while C626 restores GJIC and inhibits the in vitro and in vivo growth of HeLa cells (Mesnil et al., 1995) , we have shown that , 1997) . More recently, Trosko's group has shown that C643 can be localized in the nucleus and it has been suggested that nuclear connexins may act as a transcription regulator (de-Feijter et al., 1996) . Kumar et al. (1995) have also shown nuclear localization of C632 in BHK cells and gap junction structures were present in the nuclear membrane. Although evidence is still scarce, it is tempting to consider that 16 K proteins and/or connexins play a role in signal transduction by moving between cell-cell contact points and the cytoplasm and nucleus. Recent studies with another type of cellular junction, cadherins, have provided quite strong evidence that such a signal transduction mechanism operates in mammalian cells: b-catenin is a component of cadherin complexes, but it also regulates gene transcription by transporting transcription factors such as LEF-1 into the nucleus (Behrens et al., 1996) .
The role of GJIC in cell transformation and carcinogenesis has long been studied in a number of laboratories and abundant evidence suggests a clear association between reduced GJIC and aberrant cell growth (Yamasaki and Naus, 1996) . Since BPV-1 E5 and BPV-4 E8 have transforming ability and GJIC inhibitory activity, it is tempting to hypothesize that these oncoproteins bind with the 16 K proteins, resulting in GJIC down-regulation, and subsequently transform cells. In the present study, we have shown a lower GJIC and aberrant localization of C643 in NIH3T3 cells transformed by the mutated 16 K genes, supporting this hypothesis. In fact, a reduced GJIC level associated with aberrant localization of connexins is a hallmark of many tumor cells (Krutovskikh and Yamasaki, 1997) . A defective mechanism of connexin transport may play an important role in GJIC regulation. The mutant 16 K proteins could interfere with connexin localization by at least two possible mechanisms. Firstly, the mutant 16 K proteins could bind to connexins and interfere with their normal localization and function. As described by Finbow's group (Finbow and Pitts, 1993) , the 16 K proteins and connexins have very similar structure. Secondly, the 16 K protein, as a component of V-ATPase, could modify the transport of connexins by changing the intracellular pH. It is recognized that proton pumping by a H + -ATPase located in the membrane of organelles involved in protein sorting is responsible for the generation and maintenance of low pH (Glickman et al., 1983; Schmid et al., 1989; Marquez-Sterling et al., 1991) . More recently, Xu and Shields, (1994) have shown that V-ATPase is responsible for generating an acidic pH in the trans-Golgi network during the prosomatostatin processing. Thus, it is possible that mutation of the 16 K proteins leads to defective proton pumping and acidi®cation of the trans-Golgi network, resulting in aberrant connexin localization. High level expression of the M 2 ion channel protein of in¯uenza virus has also been shown to inhibit the rate of intracellular transport of various integral membrane glycoproteins (Sakaguchi et al., 1996) . It, however, remains to be seen whether mutant 16 K proteins also interfere with the cellular localization of integral membrane proteins other than C643.
Materials and methods
Cells
All NIH3T3 cells were cultured in Eagle's minimal essential medium (MEM), supplemented with L-glutamine, penicillin-streptomycin (GIBCO, Paisley, Scotland) and 10% fetal calf serum (Orgenics Ltd, Yavne, Israel) . Cell cultures were maintained in a 378C incubator, under a humidi®ed 5% CO 2 atmosphere and were routinely subcultured by trypsinization with a change of medium twice weekly. NIH3T3 cells into which wild-type 16 K or mutant 16 K Figure 5 Localization of C643 in v-onc-transformed NIH3T3 cells as revealed by immunostaining: (a) ras-7; (b) src A2-2; (c) myc-1. In ras-7 and src A2-2, C643 was localized to cell-cell contact areas (arrowhead), whereas in myc-1, it was observed mostly in the cytoplasm (arrow). (magni®cation6400) Vacuolar H + -ATPase and connexin 43 T Saito et al expression vectors were transfected were developed and characterized as previously described (WT, wild-type 16 K; ContVect, only pSVL vector; DTM4, truncated 16 K; Arg143Glu, Arg143Glu mutated 16 K) (Andresson et al., 1995) . NIH3T3 cells transfected with v-myc, v-src and v-ras oncogenes have been prepared and characterized previously (Bignami et al., 1988) .
Estimation of GJIC by dye-transfer assay GJIC was assayed by scoring the number of dye-coupled cells after microinjection of single cells with Lucifer Yellow CH (Sigma Chemical Co., St. Louis, MO) using an Olympus Injectoscope IMT-2 SYF and Eppendorf pressure injection system as described previously . The extent of GJIC was determined by the number of¯uorescent neighboring cells, scored with the aid of ā uorescence/phase-contrast microscope 1 min after injection. For each experimental point, 10 ± 20 independent injections were carried out.
Immunohistochemistry of C643
NIH3T3 cells were seeded on tissue culture chambers (LabTek; Nunc Inc., Naperville, IL). Cells were ®xed with 3.7% formaldehyde for 30 min. The slides were rinsed with 0.01% Tween-20 in phosphate-buered saline (PBS). After blocking with 5% skimmed milk for 1 h, 100 ml of 1 : 1000 diluted rabbit antiserum against a peptide identical to the C-terminal part of C643 (kindly provided by Dr E Rivedal, Institute for Cancer Research, Oslo, Norway) was added to the slides and incubated for 2 h at room temperature. Incubations with a secondary biotinylated antibody directed against rabbit immunoglobulin (Serva Feinbiochemica GmbH, Heidelberg, Germany) and then with a streptavidin-biotin complex (Vectastain Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA) were both performed for 1 h at room temperature. After immunostaining with diaminobenzidine, silver intensi®cation of the nickel-diaminobenzimide was performed according to Merchenthaler et al. (1989) .
Western analysis of C643
The NIH3T3 clones were cultured in 35 mm dishes (Falcon) up to con¯uence. The con¯uent cultures were directly lysed in a sample buer (62.5 mM Tris-HCl, pH 6.8 ± 0.5% SDS) and the total protein concentration in homogenates was estimated with a protein assay kit (BioRad, Richmond, CA). Once the protein concentration was determined, the homogenate preparations were complemented with glycerol (10%, v/v), b-mercaptoethanol (1.5%, v/v) and bromophenol blue (2%, v/v). Ten mg of total protein extracts from each sample was then loaded onto 10% polyacrylamide gel. After electrophoresis at 100 V for 2 h, the proteins were blotted overnight at 20 V on a polyvinylidene di¯uoride membrane (Bio-Rad). The blots were incubated with rabbit polyclonal anti-C643 antibody (1 : 2000) for 1 h at room temperature on a shaker. The protein detected by the antibody was revealed by luminescence using the ECL system (Amersham, Buckinghamshire, UK). Light emission provoked by this assay was detected by a short exposure to blue-light sensitive autoradiography ®lm (Hyper®lm ECL, Amersham).
RNA isolation and RT ± PCR of C643 mRNA C643 mRNA was ampli®ed by reverse transcriptase (RT) polymerase chain reaction (PCR). Total RNA of the cell lines were extracted by a single-step technique with the TRIzol Reagent (GIBCO-BRL) according to the manufacturer's protocol. Two hundred and ®fty ng of total RNA was denatured at 658C for 10 min and incubated at 368C for 60 min at room temperature in buer containing random primers, deoxynucleotide triphosphates (dNTPs), RNAase inhibitors (Promega, Madison, WI) and avian myeloblastosis virus RT (Promega) in a ®nal volume of 20 ml, followed by boiling for 5 min. One ml from each RT reaction mixture was applied to 25 ml of PCR mixture, containing 2.5U AmpliTaq DNA polymerase (ParkinElmer Cetus Instruments, Norwalk, CT), 1.5 mmol/L MgC12, 16Taq buer, 0.2 mmol/L 4 (dNTPs) and 1 mCi [ 32 P-33 P]dCTP. Forward primer, 5'-CCCCACTCTCACC-TATGTCTCC-3' and reverse primer, 5'-ACTT-TTGCCGCCTAGCTATCCC-3' were used. Twenty-®ve cycles of PCR were carried out with a programme of 30 s at 948C, 1 min at 558C and 1 min at 728C. As negative controls, we used the same volume of RT reaction mixture without avian myeloblastosis virus RT for the PCR reaction. Part of the PCR products (15 ml of 50 ml) was electrophoresed on 8% polyacrylamide gel (19 : 1) and gel was then dried and exposed to autoradiography ®lm (Biomax, Kodak) for 16 h.
Electron microscopy
NIH3T3 cells were seeded on 6 cm culture dishes ®xed at 90% con¯uence with 2% glutaraldehyde in 0.1 M cacodylate buer, pH7.3, for 20 min at 48C, washed three times in PBS and post®xed with 1% osmium tetroxide for 30 min at room temperature. After dehydration with graded ethanol, the sheet of cells was removed from the dish by washing three times with propylene oxide and collected by centrifuging for 10 min at 10 000 g. The pellets were embedded in Epon 812 and the ultra-thin sections were stained with uranyl acetate followed by lead citrate and examined at 100 kV with a H-7000 electron microscope (Hitachi, Japan).
